Pregnancy is associated with increases in maternal cardiac output and plasma volume and a reduction in peripheral vascular resistance. Cardiac output and plasma volume are substantially reduced in pregnant rats fed a low-protein diet, but it is not known whether vascular function is also compromised. We have investigated vascular function in virgin and pregnant Wistar rats subjected to dietary protein restriction [9 % (w/v) casein, compared with 18 % (w/v) casein for controls]. The diets were fed to the groups for 18 days ; in the pregnant rats, the diets were given from day 1 of pregnancy. Branches of the mesenteric arteries were studied on day 18 of the dietary period using myography. Significant reductions in sensitivity to acetylcholine occurred in vessels from virgin (P l 0.04) and pregnant (P l 0.01) rats that had consumed the 9 % casein diet. In arteries from the virgin rats on the restricted diet there was also a significant reduction in sensitivity (P l 0.0003) and maximum relaxation (P l 0.009) to the NO donor spermine NONOate. Mean placental and fetal weights were significantly lower in the rats fed on 9 % casein (P 0.0001 and P l 0.005 respectively). Thus low-protein diets impair vasodilator responses in female rats. These effects may contribute to the poor cardiovascular adaptation to pregnancy and lower fetal weights associated with restricted protein intake.
INTRODUCTION
The adaptations to pregnancy in mammals include significant increases in maternal blood volume and cardiac output. These changes are likely to have important effects on fetal growth, since the increase in uterine blood flow in pregnancy and thus the supply of nutrients to the fetus will in part depend on them. During pregnancy in rats, maternal plasma volume increases by 62 % [1] and cardiac output by 43 % [2] . However, plasma volume fails to increase during pregnancy if rats are fed a low-protein diet [6 % (w\v) casein] [3] , and the increase in cardiac output is blunted when the maternal diet is globally restricted by 50 % [2, 4] . The same dietary restriction also leads to decreases in total uterine and placental blood flows of 60-65 % [2] and a reduction in the birthweight of the offspring [2, 4] . There has recently been renewed interest in these maternal responses to dietary restriction, since the offspring of rats subjected to dietary protein restriction (9 % casein) have been shown to develop hypertension in adulthood [5, 6] . Thus a deficient maternal cardiovascular response to pregnancy could compromise development of the fetus and therefore contribute to fetal programming of adult disease.
The cardiovascular adaptation to pregnancy is believed to be initiated by a reduction in peripheral resistance. The decrease in peripheral resistance is substantial (approx. 25 % in humans and monkeys) and it is completed in early pregnancy. As peripheral resistance falls, blood pressure is maintained by a rise in cardiac output. The initial vasodilatation is likely to involve much (or all) of the systemic circulation, as it is unlikely to be achieved through dilatation and increased perfusion of the uterine circulation, which is minimal in early pregnancy. We hypothesized that peripheral vasodilatation would be reduced in rats fed a low-protein diet during pregnancy.
In the present study, a diet containing 9 % (w\v) casein was used as the low-protein challenge. This diet meets the recommended requirements of the non-pregnant rat [7] and, when given in pregnancy, it has been shown to restrict fetal growth and to lead to hypertension in the offspring [6, 8] . The mesenteric circulation makes a major contribution to peripheral resistance in rats [9] , and we therefore studied responses to acetylcholine (ACh) in small arteries from that vascular bed. Since little is known about the effects of a low-protein diet on vascular function, a group of virgin rats was also studied for comparison.
This study has been presented to the Physiological Society [10, 11] .
METHODS

Dietary details
Casein was used as the protein source for the diets. The control diet contained 180 g of casein\kg, and the lowprotein diet contained 90 g of casein\kg. Because casein is low in sulphur-containing amino acids [12] , the diet was supplemented with methionine. The carbohydrate content of the diets was adjusted so that the control and lowprotein diets were isocaloric, but all other nutrients (minerals, vitamins, fat, fibre) were present in equal amounts [6] . Details are given in Table 1 .
Procedures in non-pregnant rats
All work was carried out under license from the British Home Office, and in compliance with the 1986 U.K. Animal Act. Virgin female Wistar rats were studied. The animals were housed in wire mesh cages at a temperature of 22 mC on a 12 h light\dark cycle, and prior to the experiments were provided with free access to a standard non-purified laboratory chow diet (CRMX ; Special Diet Services, Cambridge, U.K.). When the rats reached body weights of 200-240 g, they were divided into two groups and fed (ad libitum) either a 18 % (w\v) (n l 11) or a 9 % (w\v) (n l 10) casein diet for 18 days. At the end of this period the animals were killed by inhalation of an increasing concentration of carbon dioxide, and then weighed. The mesenteric vessels were then dissected for the vascular studies. In addition, blood was obtained by cardiac puncture for measurement of serum oestradiol, plasma triacylglycerols and cholesterol.
Procedures in pregnant rats
On attaining body weights of 200-250 g, virgin female Wistar rats were mated naturally overnight. The morning on which vaginal plugs were identified was defined as day 1 of pregnancy, and the dietary regimes were started at this time point. Plug-positive females were transferred to single cages and fed ad libitum either the 18 % (w\v) (n l 10) or the 9 % (w\v) (n l 10) casein diet. On day 18 of pregnancy, the animals were killed and weighed. The total number of fetuses was counted. As a representative sample, fetal and placental weights were measured from the first four fetuses delivered from the right uterine horn in each female. The mesenteric vessels were then dissected for the vascular studies. Maternal blood was obtained by cardiac puncture for measurement of serum oestradiol, plasma triacylglycerols and cholesterol.
Preparation of mesenteric vessels
The mesenteric arterial bed was removed rapidly and placed into cold physiological salt solution (PSS), pH 7.4, comprising (mmol\l) : NaCl 119, KCl 4.7, CaCl . The passive tension-internal circumference characteristics of the arteries were determined by stretching to achieve an internal circumference equivalent to 90 % of that which would be attained when relaxed in situ under a transmural pressure of 100 mmHg. Afterwards, the segments were washed four times and left to equilibrate for 15 min. The viability of the arteries was assessed by measuring contractions (2 min duration) in response to 5 µM noradrenaline, a maximally depolarizing KPSS (PSS in which there is equimolar substitution of K + for Na + ) Dietary influence on vascular reactivity and a combination of the two, at 10 min intervals. Arteries failing to produce active tension equivalent to 100 mmHg were rejected.
The integrity of the endothelium was assessed by measuring precontraction in response to phenylephrine (3-5 µM) and addition of ACh (1 µM). The endothelium was regarded as intact in arteries in which ACh reversed phenylephrine-induced tone by more than 90 %.
Dose-response studies
Cumulative concentration-response curves, at 2 min increments, were constructed to phenylephrine (0.1-10 µM). Following washout and equilibration (10 min), a dose-response curve to KCl (5-125 mM) was constructed. After washing and recovery, arteries were precontracted with a submaximal (achieving 80 % of the maximal contraction to KPSS) concentration of phenylephrine (5 µM) and vasodilator responses were assessed. Cumulative concentration-response curves to the endothelium-dependent dilator ACh (1 nM-10 µM) and to the nitric oxide (NO) donor spermine NONOate (1 nM-10 µM) were carried out. To achieve blockade of cyclo-oxygenase and NO synthase, arteries were then incubated for 20 min with indomethacin (10 µM) and N-nitro-L-arginine methyl ester (L-NAME ; 100 µM), and responses to ACh were then repeated.
Assays of oestrogen, cholesterol and triacylglycerols
The blood samples collected for this part of the study were obtained both from the animals on whom mesenteric artery studies were carried out and from some additional animals whose vessels were not suitable for myography. The blood, obtained by cardiac puncture, was dispensed into tubes containing either EDTA or no anticoagulant. The blood samples were centrifuged, and the plasma and serum samples obtained were stored at k20 mC until required for analyses.
EDTA plasma samples were used for the measurement of cholesterol and triacylglycerols using an automated process (ADVIA 1650 Chemistry System ; Bayer). In this process, cholesterol detection is based on an enzymic method utilizing conversion by cholesterol esterase and cholesterol oxidase, followed by a Trinder end-point. Triacylglycerol detection is based on the Fossati threestep enzymic reaction, also using a Trinder end-point. The procedure quantifies the total triacylglycerols, including mono-and di-acylglycerols and the free glycerol fractions.
Serum samples were used for the measurement of oestradiol. Oestradiol was measured by a competitive binding RIA using the Serono Maia Kit. Briefly, serum samples were incubated with radioactive tracer and antiserum for 1 h at 37 mC, then with a separating reagent for 10 min at room temperature, and finally for a further 10 min on the Maia magnetic separator. After decanting, the separated particles were counted in a γ-radiation counter and an appropriate standard curve was constructed using RIA-CALC software. The inter-assay coefficients of variation for the oestradiol assay were typically 4-7 %.
Chemicals
Noradrenaline was Winthrop (Guildford, Surrey, U.K.), phenylephrine, ACh chloride, indomethacin and L-NAME were from Sigma (Poole, Dorset, U.K.), and spermine NONOate was from Alexis Corp. (Nottingham, U.K.). Other chemicals were from BDH (Poole, Dorset, U.K.). Raised KPSS solutions (5-125 mM KCl) were prepared by direct replacement of NaCl with KCl.
Data and statistical analyses
Data are given as meanspS.E.M. For vascular protocols, in order to account for differences in artery diameter and therefore in tension development, responses to various concentrations of phenylephrine and ionic potassium were expressed as a percentage of the contractile response to KPSS. Relaxation to ACh and spermine NONOate was expressed as a percentage of the initial precontraction and maximum relaxation were calculated using non-linear regression and after fitting data to a sigmoidal dose-response curve (Prism GraphPad Software Inc., San Diego, CA, U.S.A.). Two arteries were used from each animal and means were calculated. Comparisons, between and within the two dietary groups, were made using the unpaired Student's t test (Tables 2-4) .
RESULTS
Responses to protein restriction in virgin rats
The data and statistical comparisons of the two dietary groups are summarized in Tables 2 and 3 . The rats in both the 18 % and 9 % (w\v) casein groups gained weight significantly (both P 0.001) during the experimental period (18 days), but there was no difference in the average weight gain (39-40 g) between the groups. The mean internal diameters of mesenteric arteries from the two groups were also similar. There were no significant differences in serum oestrogen concentrations or in plasma triacylglycerol and cholesterol concentrations between the groups. Constrictor responses to phenylephrine were similar in arteries from the two groups. In vessels from rats on the 9 % casein diet, the sensitivity to ACh was decreased by 4 % (P l 0.03) and the maximal response to ACh by Dietary influence on vascular reactivity 3% (P l 0.04) in comparison with arteries from rats on the 18 % casein diet (Figure 1a ). In addition, the sensitivity to spermine NONOate was decreased by 11 % (P l 0.0003) and maximum relaxation by 7 % (P l 0.009) in arteries from rats on the 9 % casein diet ( Figure 2 ).
Pharmacological blockade of NO synthase and cyclooxygenase led to significant decreases in vascular sensitivity and maximal relaxation to ACh (Figure 1b) . In Table 4 Maternal, fetal and placental weights and vascular function in pregnant rats Data are expressed as meanspS.E.M. The number of rats for each experiment is given in parentheses. ' AChjinhibitors ' gives the response to ACh in the presence of 10 µM indomethacin and 100 µM L-NAME. Maximum constriction (Max. con.) was calculated as a percentage of K + -induced constriction ; maximum relaxation (Max. relax.) was calculated as a percentage of phenylephrine-induced constriction. arteries from rats on the 9 % casein diet, sensitivity to ACh was reduced by 12 % (P 0.001) and maximum vasodilatation by 18 % (not significant). In arteries from rats on the 18 % casein diet, sensitivity to ACh was decreased by 12 % (P 0.001) and maximum relaxation by 23 % (P 0.05). However, there were no significant differences in sensitivity (P l 0.3) or maximum relaxation (P l 0.9) between arteries from the 18 % and 9 % casein groups in the presence of the inhibitors.
Responses to protein restriction in pregnant rats
The data and statistical comparisons for the two dietary groups are summarized in Tables 3 and 4 . The rats in both the 18 % and 9 % casein groups gained weight significantly (both P 0.001) during the experimental period (18 days), but there was no difference in the average weight gain (108-114 g) between the groups. The litter sizes (average 11 fetuses) were also similar. The mean internal diameters of the mesenteric arteries from the two groups were similar, and not significantly different from the diameters measured in the non-pregnant groups. There were significant decreases in average placental weight (P 0.0001) and fetal weight (P l 0.005) in the rats fed 9 % casein. There were no significant differences in serum oestrogen concentrations or in plasma triacylglycerol and cholesterol concentrations between the groups ; however, serum oestrogen and plasma triacylglycerol concentrations were significantly greater in the pregnant rats for each dietary regime (18 % casein, P l 0.006 and P 0.001 respectively ; 9 % casein, P l 0.002 and P 0.001 respectively).
As observed in the virgin animals, sensitivity and maximum relaxation to ACh were reduced in arteries from the pregnant rats on the 9 % casein diet (P l 0.017 and P l 0.08 respectively ; Figure 3a) . Blockade of NO synthase and cyclo-oxygenase decreased vascular sensitivity and maximal relaxation to ACh (Figure 3b) . In arteries from the 9 % casein group, the sensitivity to ACh was reduced by 12 % (P 0.001) and the maximum vasodilatation by 48 % (P 0.001). In arteries from the 18 % casein group, the sensitivity to ACh was decreased by 31 % (P 0.001) and the maximum relaxation by 17 % (not significant). Although there were no differences in sensitivity (P l 0.5) or maximum relaxation (P l 0.1) to ACh between the dietary groups, responses to the lower concentrations of ACh were significantly reduced in arteries from rats fed the 9 % casein diet.
DISCUSSION
The present study has shown that relaxation in response to the endothelium-dependent vasodilator ACh is reduced in the mesenteric circulation of virgin and pregnant rats fed a low-protein diet. This response appears to be part of an overall change in the circulation, as decreases in vascular reactivity have also been found in the renal [13] and uterine [14] circulations of pregnant rats fed a lowprotein diet. Both the virgin and pregnant rats showed a significant increase in body weight during the 18-day period of the experiment. These observations are similar to previous studies, which have examined the effects of a 9 % casein diet on weight gain in pregnant rats [6, 8] . While the earlier studies showed an increase in fetal weight at day 18 in the protein-restricted pregnant dams and a fall on the day of delivery, the fetuses in the present study were already of a lower weight at day 18.
In the virgin rats, the most striking effect of the lowprotein diet was the reduction in the sensitivity of the mesenteric arteries to exogenous NO, suggesting that the explanation for the blunted relaxation to ACh lies, at least in part, at the level of the vascular smooth muscle, rather than the endothelium. This could arise from a defect in the guanylate cyclase pathway or in mechanisms of calcium sequestration or extrusion. Residual relaxation in the presence of NO synthase and cyclo-oxygenase blockade was similar, indicating no difference in the component of ACh relaxation attributable to endothelium-derived hyperpolarizing factor (EDHF) [15] . In contrast, in arteries from the pregnant rats, although ACh-induced relaxation was reduced, responses to the NO donor were unaffected by the low-protein diet. There is no obvious explanation to account for this difference compared with the virgin animals, but it is possible that the endocrine changes accompanying pregnancy exert predominant and ' protective ' effects on vascular smooth muscle. For example, elevated concentrations of progesterone and oestrogen may evoke vasorelaxation by reducing calcium entry [16, 17] . In the presence of indomethacin and L-NAME, the response to the lower, and therefore more physiologically relevant, concentrations of ACh was reduced in arteries from rats on the 9 % casein diet, implying that the defect in the response to ACh was due partly to a reduction in the component attributable to EDHF [15] .
Since the original observations linking poor maternal nutrition with an impairment in the maternal cardiovascular adaptation to pregnancy in rats [2] [3] [4] , there have been major advances in our understanding of the initiation of the maternal cardiovascular responses to pregnancy. In the rat, NO is likely to play a major role [18, 19] ; for example, the increased sensitivity of the mesenteric arteries to ACh in pregnancy is due to changes in the vascular responses to both NO [15, 20, 21] and EDHF [15] . The importance of NO in the physiological mechanisms securing the cardiovascular adaptations to pregnancy in rats has been emphasized by a study showing that inhibition of NO causes a dose-dependent reduction in the normal increase in plasma volume [22] . Our present study suggests, therefore, that a low-protein diet may interfere with the normal enhancement of endothelium-dependent relaxation in pregnancy ; in turn, this may contribute to failure to expand the extracellular volume. Indeed, in a previous study we found that plasma volume was reduced in pregnant rats that were fed a 9 % casein diet [23] .
There are a number of possible explanations for the deleterious effects of a low-protein diet on maternal vascular function. An earlier study showed that plasma oestrogen concentrations were significantly reduced in rats whose dietary intake was globally restricted by 50 % over the final 7 days of pregnancy [24] . Oestrogen is likely to have an important influence on vascular function, with a recent study demonstrating that blockade of the oestrogen receptor during rat pregnancy abolishes the normal enhanced response of the mesenteric vessels to ACh, and that this response is mediated through NO [25] . A reduction in oestrogen could therefore contribute to the reduced responses to ACh in the low-protein group. However, we found no difference in serum oestrogen concentration between the two dietary groups (Table 3 ). There are also metabolic changes, linked with the low-protein diet, that may have influenced vascular function. These include a reduction in the availability of L-arginine, which could adversely influence endothelial NO synthesis. In growing and pregnant rats, arginine becomes an essential dietary requirement, and serum concentrations of arginine and constitutive NO synthase activity in tissues are reduced in growing rats fed a lowprotein diet (5 % casein) [26] . The virgin rats in our study continued to gain weight significantly on both the 18 % and 9 % casein diets, and thus pregnant rats of the same age would require nutrition for their own growth as well as for the growth of the fetuses and placentae. In these circumstances the availability of dietary L-arginine may be critical. Another potential metabolic disturbance may have been caused by the relatively high methionine supplement (5 g\kg), which was added in equal amounts to both diets and which was therefore proportionately higher in the 9 % casein group ( Table 1) . The metabolic pathway converting methionine into cysteine involves the formation of homocysteine, which is condensed with serine to form cystathionine and finally cysteine [27] . One possible consequence is an increase in the blood levels of homocysteine, which could impair endotheliumdependent vasodilatation [28] . Although this could be relevant, others [8, 29] have found no differences in serum methionine and homocysteine concentrations in pregnant rats fed diets similar to those used in the present study.
Our study has examined the effects of a low-protein diet on the maternal vasculature ; we would anticipate that the observed vascular disturbances would return to normal upon correction of the diet. The relevance of our findings to programming of the offspring is indirect, but lies in the association between the low-protein diet and reduced placental perfusion [1] [2] [3] [4] , leading in turn to fetal growth retardation [6, 8] . The adaptations of the fetus to restricted nutrient availability are believed to lead to permanent changes in the circulation. Separate studies have shown that a low-protein diet in rat dams is associated with permanent alterations in the cardiovascular system of their offspring [5, 6] . When are these changes evident ? The vessels of the fetal rat are too small for myographic investigation, but studies of the sheep fetus have shown that global restriction of the maternal diet is associated with a significant reduction in the vascular reactivity of small resistance branches of the fetal femoral artery [30] . In rats, ACh-induced relaxation is reduced in the mesenteric arteries of female rats who were exposed (in utero) to a globally restricted maternal diet [31] ; the effects of a low-protein diet on the vascular reactivity of the offspring are currently under investigation. Programming of the vasculature of the female fetus in this way may impair, in adult life, the ability to adapt to pregnancy, and in turn restrict the birthweight of the next generation.
In summary, we have shown that mesenteric vascular reactivity is reduced in both pregnant and non-pregnant rats consuming a low-protein diet. The susceptibility of the vascular system to dietary change has important implications for an individual's current health and, in the case of females, potentially for the health of the next generation [32, 33] . ACKNOWLEDGMENT A. K. was supported by the Wessex Medical School Trust.
